Abstract A model-observation synthesis is conducted to investigate changes in the upper ocean circulation and stratification in the Canada Basin [CB] of the Arctic Ocean. Results show that the Beaufort Gyre [BG] has been generally intensifying during 1992-2015 in conjunction with changes in sea ice and the upper ocean including increasing sea surface height [SSH], sea ice and ocean speed, Ekman transport convergence and downwelling, and freshwater content, decreasing ice thickness and upper ocean salinity, shoaling summer halocline and mixed layer, and deepening winter halocline and mixed layer. Increasing Ekman transport convergence draws more water from surrounding areas into the CB, thus lowering SSH in those areas and raising SSH in the CB. The rate of change in the CB began to decrease in 2008 and the BG circulation appears to be stabilizing, if not relaxing slightly. This is reflected in the general plateauing of SSH, the intensity of the sea ice and ocean circulation, and various measures of the CB thermohaline stratification. The BG intensification and subsequent stabilization appear to have been strongly controlled by atmospheric changes in the CB characterized by generally increasing anticyclonic wind circulation and sea level pressure (SLP) before 2008 and falling wind strength and SLP to below-average levels in some years after 2008. Changes in SLP are highly correlated with changes in ocean surface stress curl and downwelling. Since 2008, the magnitude of the stress curl and downwelling in much of the CB has declined, contributing to BG stabilization. The general leveling-off of sea ice thickness also contributes to the stabilization by limiting melt water input to the CB that increases freshwater content. Temperatures in the Near Surface Temperature Maximum layer trended upward slightly over 1992-2015, which is closely correlated with decreasing sea ice thickness. Upper ocean heat content increased over the study period mainly due to strong temperature increases in the summer Pacific Water layer.
Introduction
The Beaufort Sea and the larger Canada Basin (CB) of the Arctic Ocean consist of a narrow continental shelf and a sizable deep basin. The upper ocean in the deep basin is strongly stratified and dominated by the well-known anticyclonic Beaufort Gyre (BG) circulation with converging Ekman transport [e.g., Proshutinsky et al., 2009] . The BG is closely associated with the Arctic atmospheric circulation pattern characterized by the Beaufort high pressure cell interacting with the Icelandic and Aleutian low pressure cells [Walsh et al., 1996; Overland et al., 1999] . While the Atlantic Water penetrating into the Arctic Ocean affects the deeper temperature and salinity structure in the CB [e.g., McLaughlin et al., 2009; Mauritzen et al., 2013] , the Pacific Water (PW) dominates the upper ocean properties in the region [Coachman and Barnes, 1961; Steele et al., 2004; Shimada et al., 2006; Timmermans et al., 2014 .
The PW, a major source of heat, freshwater, and nutrients to the Arctic Ocean, flows through Bering Strait and crosses the vast Chukchi shelf [Codispoti et al., 2005; Woodgate et al., 2012] mainly in three branches: through Herald Canyon and the Central Channel and along the Alaska coast as the Alaska Coastal Current Brugler et al., 2014] . These three branches of PW penetrate northward into the Arctic Ocean, facilitating summer sea ice retreat [e.g., Zhang et al., 2008; Steele et al., 2010; Woodgate et al., 2010] . The PW also descends into the halocline of the CB, thus ventilating the upper halocline and enhancing ocean stratification via injection of often warm freshwater [e.g., Aagaard et al., 1981; T2014] . The injection of warm summer PW (SPW) leads to the formation of the summer PW layer (SPWL) in the CB, which is The increased air temperature and the decline of sea ice in the Arctic [Hassol, 2004; Serreze et al., 2007] have had a profound impact on the upper ocean physics of the CB, its thermohaline stratification and circulation.
Increasing areas of open water, leads, and first-year ice have allowed increased penetration of solar radiation into the upper ocean [Perovich et al., , 2008 , warming the surface waters in the CB Toole et al., 2010] and enhancing the summer Near Surface Temperature Maximum (NSTM) [Jackson et al., 2010] generally at 15-40 m depth, referred to here as the NSTM layer (NSTML). In situ and satellite data reveal that much of the CB has experienced warming over the past decade. Some of this summer warming is attributed to local atmospheric heating [Steele et al., 2010] , and some to intensifying ocean heat transport from the Pacific Ocean through Bering Strait [Woodgate et al., , 2012 .
The regional upper ocean circulation patterns have also been modified in response to changing winds and sea ice cover [Steele et al., 2004; Shimada et al., 2006; Pisareva et al., 2015] . The BG has intensified, with a stronger anticyclonic circulation and increasing stratification, storage of freshwater and stratification in the CB also increased [Proshutinsky et al., 2009; Yang, 2009; Rabe et al., 2011; McPhee, 2013] . These changes are driven by increased Ekman transport convergence (hereafter Ekman convergence) of anomalously low salinity surface waters largely due to sea ice melt [Yamamoto-Kawai et al., 2009; McLaughlin and Carmack, 2010; Krishfield et al., 2014] and Eurasian runoff [Morison et al., 2012] , which is associated with stronger cyclonic circulation in the Eurasian Basin. The BG intensification is also due in part to an increase in surface momentum transfer at the ice-ocean interface [Martin et al., 2014 [Martin et al., , 2016 as the ice cover is thinner and weaker, and therefore moves faster in response to wind forcing [Rampal et al., 2009; Zhang et al., 2012; Kwok et al., 2013] . In addition, the increasing stratification and freshwater content are linked to atmospheric circulation characterized by stronger wind stress curl over the Beaufort Sea in recent years that intensifies water convergence and raises sea surface height (SSH) in the CB [e.g., Giles et al., 2012; Morison et al., 2012] .
While previous observational and numerical studies have shed considerable light on the state and variability of the CB climate and its gyre circulation, many of the processes linking the warming of the Arctic, the changing atmospheric circulation, the decreasing sea ice cover, and the variations in the CB stratification dynamics remain unknown. To enhance our understanding of the interplay among the atmosphere, sea ice, and ocean, there have been several integrated programs of intensive observations and numerical simulations to investigate ice-ocean-atmosphere dynamics in the CB, such as the Office of the Naval Research (ONR) Marginal Ice Zone (MIZ) initiative (http://www.apl.washington.edu/project/project.php?id5miz), as well as sustained observing system efforts including the Beaufort Gyre Exploration Project (BGEP, http:// www.whoi.edu/website/beaufortgyre/home) and the Seasonal Ice Zone Reconnaissance Surveys (SIZRS, http://www.onr.navy.mil/reports/FY15/agmoriso.pdf).
This study investigates BG variability and concurrent changes in atmosphere-ice-ocean processes, including their linkages and interactions in the CB. For this purpose, we conduct a model-observation synthesis using a coupled ice-ocean model and a range of satellite and in situ observations to explore the large-scale changes in the upper ocean circulation and thermohaline stratification that have occurred in the CB in conjunction with atmospheric and sea ice changes over the past 2-3 decades. The ice-ocean model is the Marginal Ice Zone Modeling and Assimilation System (MIZMAS) that assimilates daily satellite sea ice and sea surface temperature (SST) data and is validated using a range of observational data. Model validation is discussed in section 3 after a brief model description in section 2. In sections 4 and 5, the validated model is used with observations to explore changes in the state of the CB, focusing on the BG intensification and subsequent stabilization (and related hydrographic changes) in the recent decades. Concluding remarks are given in section 6.
Brief Model Description
MIZMAS is adapted from the Pan-arctic Ice/Ocean Modeling and Assimilation System (PIOMAS) [Zhang and Rothrock, 2003] . It is a coupled ice-ocean model that assimilates satellite observations of sea ice concentration, following Lindsay and Zhang [2006] , and SST, following Manda et al. [2005] [also see Schweiger et al., 2011; Zhang et al., 2015] . SST assimilation is performed only in the open water areas where satellite observations are available. Detailed information about MIZMAS model components, domain, and grid configuration Journal of Geophysical Research: Oceans 10.1002/2016JC012196 is provided in Schweiger and Zhang [2015] , and detailed information about the ice-ocean coupling in the model can be found in Hibler and Bryan [1987] [also see Zhang et al., 1998; Martin et al., 2014] . Here we only give a brief model description.
The sea ice model component of MIZMAS is a thickness and enthalpy distribution (TED) sea ice model [Zhang and Rothrock, 2003; Hibler, 1980] . It has eight categories each for ice thickness, ice enthalpy, and snow depth . The ocean circulation model is based on the Parallel Ocean Program (POP) [Smith et al., 1992] . The POP ocean model was modified by so that open boundary conditions can be specified, and by Zhang et al. [2010] to incorporate tidal forcing arising from the eight primary constituents (M2, S2, N2, K2, K1, O1, P1, and Q1) [Gill, 1982] . The tidal forcing consists of a tide generating potential with corrections due to both the earth tide and self-attraction and loading, following Marchuk and Kagan [1989] . Vertical ocean mixing is determined based on the K-profile parameterization [Large et al., 1994 ].
The MIZMAS model domain covers the Northern Hemisphere north of 398N (Figure 1 ). Its finite-difference grid is based on a generalized orthogonal curvilinear coordinate system with the highest horizontal resolution along the Alaska coast and in the Chukchi, Beaufort, and Bering seas. There are 26 ocean grid cells across Bering Strait providing good resolution of the connection between the Pacific Ocean and the Arctic Ocean. The ocean's vertical dimension has 40 ocean levels of varying thicknesses, with 19 levels in the upper 100 m and the top 16 levels 5 m thick. MIZMAS, a regional model, is one-way nested to a global coupled sea ice-ocean model [Zhang, 2005] . The model was integrated from 1972 to 2015, driven by daily NCEP/NCAR reanalysis surface atmospheric forcing [Kalnay et al., 1996] . Atmospheric forcing and initial conditions are given in Schweiger and Zhang [2015] . Model forcing also includes a monthly climatology of freshwater river runoff in the Arctic Ocean and the Bering Sea . Model results over the period 1992-2015 are used in the model-observation synthesis.
Comparison With Hydrographic Observations
In addition to assimilating satellite sea ice concentration and SST, MIZMAS sea ice velocity is calibrated with all available buoy drift data (http://iabp.apl.washington.edu) over the period 1979-2010, with a mean model ice speed bias of about 210% and model-buoy speed correlation of 0.80. Here MIZMAS is further evaluated using ocean salinity and temperature measurements from various platforms. Comparison of simulated temperature and salinity profiles with the observations of the SIZRS Airborne eXpendable CTDs (AXCTDs), which were dropped into open leads from a U.S. Coast Guard aircraft on 20 June and 16 August 2013 at 1508W, 768N, demonstrates how MIZMAS reproduces observed CB temperature profiles within the depth range 40-80 m (Figures 2a and 2d ). Whether in June or August, the simulated SPWL temperature maximum and the depth of the maximum are within 0.58C and 5 m of the observations, respectively. In August 2013, a NSTM was observed and simulated (Figure 2d ), but the model overestimates its magnitude, likely due to the NCEP/NCAR reanalysis forcing having a positive bias in shortwave radiation in the Arctic Ocean [Lindsay et al., 2014] . The model simulated temperature of surface waters is cooler than the observations. This bias may be due to the model setting the surface water temperature in a given grid cell at a constant freezing point of 21.88C whenever ice is present in that cell (no SST assimilation performed under ice). This underestimates surface temperatures in CB ice covered areas where surface waters are relatively fresh and the freezing point is often higher than 21.88C.
MIZMAS also reproduces the SIZRS observed salinity profiles in the upper 100 m in 2013 (Figure 2 ). The mean bias averaged over these two comparisons over the upper 100 m is 0.20 psu. In June, the model captures the observed halocline that was likely formed during the previous winter, with the modeled halocline slightly shallower than the observed (Figures 2b and 2c ). During summer, the model replicates the observed surface freshening and therefore the summer halocline as well as the residual winter halocline (Figure 2e) [also see Jackson et al., 2010] . The model underpredicts surface salinity slightly such that the buoyancy frequency, N 2 , peaks at a depth a few meters shallower than the observations (Figure 2f ). In particular, both model results and SIZRS observations show that salinity at the depth of the temperature maximum in the MIZMAS is also evaluated with all available salinity and temperature observations from ITPs (http://www. whoi.edu/itp) and autonomous Seagliders in 2014 from the Beaufort Sea and CB (Figures 3-6 ). There were 11 ITPs (ITP 70, (77) (78) (79) (80) (81) (82) (84) (85) (86) (87) , with trajectories shown in Figure 4a ), deployed by the ONR MIZ field campaign, BGEP, Chinese research vessel Xuelong, and Korean research vessel Araon, and two Seagliders (trajectories in Figure 5a ), deployed in support of the ONR MIZ field campaign. ITP observations are distributed throughout the year while Seaglider observations are confined to August and September. Daily averaged T and S profiles are used, which is equivalent to a 6-16 km (ITP) and 20 km (Seaglider) lateral scale; there is mesoscale and submesoscale variability in these observations not represented in the model.
Comparison with ITP77 (longest trajectory; Figure 4a , pink line) shows that the model tends to overestimate salinity in the upper 40 m and underestimate it at 40-120 m depth (Figures 3a-3c ), although the timing and the magnitude of the freshening in the upper 40 m in summer (July-September) is well simulated. The model has a positive salinity bias in late spring (spring is defined as April-June) along this particular ITP trajectory, which contributes to a positive bias (often <0.5 psu) during most of the summer in the upper 40 m.
As salinity primarily determines density in cool polar waters, the modeled stratification is slightly too weak near 50 m and slightly too strong near 100 m.
MIZMAS simulated temperature in the surface waters is lower than observations along the ITP77 trajectory ( daily averaged salinity, temperature, and speed linearly interpolated to the model depth (b, e, h), and difference in salinity, temperature, and speed between the model and ITP77 along the trajectory (c, f, i). Contour intervals are 0.5 psu for salinity, 0.258C for temperature, 2 cm s 21 for speed, and 0.5 psu, 0.58C, and 2 cm s 21 for salinity, temperature, and speed differences.
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In addition to the above comparisons, SIZRS observations of salinity profile variability from 2012 to 2014 are examined and qualitatively compared with MIZMAS results. MIZMAS simulated depths of isohalines 31 and 33 are compared with those derived by T2014 using CTD data over the period [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . In particular, MIZ-MAS simulated salinity at the depth of the SPWL temperature maximum in 2007 and 2013 agrees well with the T2014 analysis from these 2 years. These comparisons are described in sections 4 and 5.
The Beaufort Gyre Intensification
The simulated BG manifests as relatively high SSH in the CB (Figures 7a and 7b) . The BG intensification in recent decades is illustrated by a comparison between the 2004-2015 mean SSH and the 1992-2003 mean (Figure 7c ). The simulated mean SSH in the later period is 20 cm higher in the central CB than in the earlier period. In surrounding seas, however, the simulated SSH in the later period is lower, including the Figure 1 ) of (a) simulated annual mean SSH, sea ice speed, and current speed at the surface and in the depth range 15-40 m, (b) NCEP/NCAR reanalysis annual mean SLP anomaly from the 1992-2015 mean and simulated annual mean ocean vertical velocity (W o ) at 60 m, (c) simulated annual mean sea ice thickness, June-September mean ice melt rates, and October-December mean ice growth rates, and (d) simulated annual mean ocean salinity (S) at different depth ranges, (e) the depths of isohalines with S 5 31 and S 5 33 and freshwater (FW) content in the upper 100 m of the ocean, and (f) ocean temperature (T) at different depths. Correlation between SLP anomaly and W o at 60 m is listed in Figure  8b . In Figure 8e , annual mean CTD observations and error bars of the isohaline depths taken in the CCB are from Timmermans et al. [2014] .
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The BG intensification is also reflected in changes in ocean currents in the CB. The simulated pattern of ocean currents includes an anticyclonic circulation in the upper ocean of the CB, while in the Chukchi Sea the PW moves northward in three pathways: Herald Canyon, the Central Channel, and Alaska coast ( Figure  10a ). The simulated anticyclonic circulation in the CB is stronger in 2004-2015 than in 1992-2003 because of greater momentum transfer at the ocean surface in response to the intensified Beaufort high pressure cell and anticyclonic wind circulation. As a result, the ocean horizontal velocity difference between these two periods displays a strong anticyclonic circulation pattern in the CB (Figure 10b ), with increased current speed as well as sea ice motion in the later period (Figure 8a ; also see Yang 
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The increased sea ice mobility in recent years is also linked to changes in sea ice properties. Ice thickness generally decreases over the period 1992-2015 because of increasing ice melt in late spring and summer (Figure 8c ), in response to Arctic warming and increasing surface solar heating [Hassol, 2004; Serreze et al., 2007; Perovich et al., , 2008 . A thinner ice cover is more responsive to wind forcing and moves faster [Rampal et al., 2009; Zhang et al., 2012; Kwok et al., 2013] . Thus wind forcing is communicated more directly to the ocean across the air-ice-ocean boundary layer [Martin et al., 2014] , which also contributes to the BG intensification as reflected in the increasing strength of surface ocean currents (in the first ocean level centered at 2.5 m) and currents at 15-40 m depth (Figures 8a and 10b) .
The increasing anticyclonic BG circulation influences the intensity of Ekman transport and hence the strength of upwelling and downwelling in the CB, as reflected in MIZMAS ocean vertical velocity. The simulated ocean vertical velocities (W o ) at 60 m (and at other depths, not shown) are characterized by negative values (downwelling) throughout most of the CB and positive values (upwelling) at the Beaufort Sea shelf break (Figures 7g and 7h) . As the BG intensifies during 2004-2015, downwelling is enhanced in the CB (Figure 7i) because of stronger converging Ekman transport, which is illustrated by more negative values in the simulated curl of the stress (curl (s) 5r3s) at the ocean surface (Figures 7j-7l ). Enhanced downwelling in the CB coincides with enhanced upwelling at the Beaufort Sea shelf break ( Figure 7i ). As expected, the simulated vertical velocity at 60 m and the simulated curl of the stress at the ocean surface are highly correlated in space and time (Figures 7j-7l ; also see Yang [2009] ). The correlation between the annual means of these two variables averaged over the CCB is R 5 0.98 over the period 1992-2015. The correlation between the simulated curl of the stress at the ocean surface and SLP in the CCB is R 5 20.75. Correspondingly, the vertical Ekman velocity is (negatively) correlated (R 5 20.71) with the reanalysis SLP in the CCB (Figure 8b ). Higher SLP in the CB is associated with stronger Ekman transport convergence.
The BG intensification with enhanced downwelling in the CB and upwelling at the Beaufort Sea shelf break leads to changes in the upper ocean salinity. Compared to the period 1992-2003, the simulated ocean surface salinity during 2004-2015 decreases markedly in the CB, in part because of the enhanced convergence of relatively fresh surface waters (Figures 7m-7o) . Meanwhile, ocean surface salinity increases in the Beaufort Sea shelf break region (Figure 7o ) because of enhanced upwelling there. Surface salinity also increases in much of the Chukchi and East Siberian shelf and shelf break regions. This latter change is due to horizontal advection associated with anticyclonic BG circulation, which tends to transport upwelled, relatively salty water from the Beaufort Sea shelf break region to the Chukchi and East Siberian shelves (not shown).
The simulated CB salinity down to 80 m also decreases between 1992 and 2015 (Figure 8d ), partly due to enhanced Ekman convergence. This is illustrated by the high correlation (R 5 20.98) between the simulated ocean salinity in the upper 15 m (Figure 8d ) and SSH (Figure 8a ) in the CCB. The decreases in upper ocean salinity are also linked to increases in ice melt and decreases in ice thickness (Figure 8c ). The variability in upper 15 m salinity in the CCB is closely correlated with that of the June-September mean ice melt (R 5 20.70) and that of annual mean ice thickness (R 5 0.85) (see also Krishfield et al. [2014] ). The decreases in ocean salinity in recent years are also reflected in vertical salinity profiles. The simulated seasonal evolution (from June to January) of salinity profiles averaged in the CCB over the period 1992-2015 shows summer freshening in the upper ocean, confined mainly to the upper 40 m (Figure 11a ) and strongly influenced by ice melting (Figure 8c ). The upper ocean salinity starts to decrease in June and reaches its lowest levels in August and September when the NSTM is the warmest (Figure 11b) . From October onward, the upper ocean salinity increases again because of ice growth and mixing with deeper waters (Figure 11 ). Over the period 1992-2015, the simulated upper ocean salinity decreases (Figures 12a, 12c, and Journal of Geophysical Research: Oceans 10.1002/2016JC012196 12e), while the upper ocean temperature maximum layers (both the NSTML and the SPWL) tend to warm (Figures 12b, 12d, and 12f) . For example, MIZMAS shows that the salinity at the depth of the SPWL temperature maximum is largely between 30.5 and 32.0 psu in 2007, which is greater than the corresponding 30.0- (Figures 2c and 2d) . These values for both 2007 and 2013 are all in good agreement with T2014 analysis of CTD and ITP data from these 2 years.
Freshening during summer contributes to the shoaling of the ocean mixed layer over the period 1992-2015, as both the halocline and thermocline become shallower (Figures 12c and 12d) . The simulated summer shoaling of the ocean mixed layer was also observed by Peralta-Ferriz and Woodgate [2015] using available summer ship-based hydrographic observations from 1979 to 2012. During winter, the model shows increasing mixed layer depth over the period 1992-2015 as both the halocline and thermocline deepen (Figures 12a and 12b) , consistent with observations of CB halocline and nutricline deepening over the period 2003 -2009 . This is in part because of the generally stronger Ekman downwelling in the CB during [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] (Figures 7i, 7l, and 8b) , which tends to push the pycnocline deeper [e.g., McLaughlin and Carmack, 2010; Yang, 2009] . Deeper winter mixed layers are also a consequence of the stronger surface stress associated with stronger ice motion and hence momentum transfer at the ice-ocean interface (Figures 8a and 10b) [e.g., Rampal et al., 2009; Martin et al., 2014] , which enhances ocean mixing. The shoaling of the summer halocline and deepening of the winter halocline over 1992-2015 are illustrated in the annual mean salinity profiles (Figure 12e ).
The Beaufort Gyre Stabilization
While the BG has been generally intensifying over the past 2-3 decades, it appears to have stabilized during 2008-2015. This is illustrated in the simulation by a plateauing of SSH, the strengths of the ocean currents and ice motion (Figure 8a ), freshwater content, the depths of the 31 and 33 isohalines (Figure 8e) , and overall upper-ocean salinity (Figure 8d ) over the period. In fact, the simulated salinity in the upper 15 m increases slightly (Figure 8d ). This tendency is consistent with the SIZRS observations that the June-August salinity in the upper 15 m increased by 2 psu from 2012 to 2014 along 1508W within the CCB. The BG stabilization is also illustrated by the flattening of the observed 31 and 33 isohaline depths calculated by T2014 over the period [2008] [2009] [2010] [2011] [2012] [2013] (Figure 8e ; also see Figure 9 in T2014). In particular, the observations indicate a slight decrease in the S 5 31 isohaline depth during [2008] [2009] [2010] [2011] [2012] [2013] (Figure 8e; Figure 9 in T2014), indicating that the upper ocean freshening in the CB, associated with the BG intensification, stopped, or reversed slightly.
The BG stabilization is also reflected in the simulated salinity profiles in recent years ( Figure 12) . The model shows relatively small salinity changes in the upper 150 m of the CCB averaged over the years of 2009 of , 2013 . In particular, the model shows that the upper ocean in the CCB is saltier in 2013 than in 2009. This is consistent with the CTD and ITP observations that the isohaline depth of S 5 31 is shallower in 2013 than in 2009 (Figure 8e; T2014) . The model also shows that the upper ocean is saltier in 2015 than in 2013. These are additional signs of the BG stabilizing, if not relaxing slightly. However, over the stabilization period 2009-2015, temperature profiles continue to vary considerably within the NSTML in summer and the SPWL all year (Figures 13b, 13d, and 13f ).
Like the BG intensification, the BG stabilization may be explained by changes in the atmospheric circulation that influence SLP variability. After 2007, which has the maximum CCB SLP over the period 1992-2015, SLP relaxed to a moderately high level (2008-2010, 2013-2014) or a below-average level (2011-2012, 2015) (Figure 8b ). SLP was, in fact, slightly lower throughout much of the CB in than in 2008 . This is why the simulated SSH does not continue to rise during [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] (Figure 8a) . Instead, it decreases slightly during 2012-2015 in much of the CB (Figures 14a-14c) , in response to the changes in wind forcing as manifested by SLP.
As SLP and SSH are decreasing slightly from the period 2008-2011 to the period 2012-2015, Ekman convergence is reduced. As a result, both downwelling in much of the CB and upwelling in much of the Beaufort Sea shelf break region are lower in 2012-2015 than in 2008-2011 (Figures 14g-14i) , corresponding closely to changes in the ocean surface stress curl (Figures 14j-14l ). This leads to lower surface salinity on the Beaufort Sea shelf and in the shelf break region and slightly higher surface salinity in much of the CB (Figures  14m-14o) . The slightly higher surface salinity in the CB during 2012-2015 is consistent with the simulated salinity profiles in recent years (Figures 13a, 13c, and and Laptev seas and the Eurasian Basin (Figures 14m-14o ). These changes are likely also linked to changes in atmospheric circulation reflected in the changes in SLP (Figure 14f ).
Sea ice conditions during 2008-2015 may have also contributed to the BG stabilization. Unlike many of the previous years, the simulated ice thickness averaged over the CCB remains nearly constant during [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] (Figure 8c ). In fact, ice thickness in the CCB rebounds to some extent in 2013-2014 after reaching the 2012 minimum when Arctic summer sea ice extent reached its record low of the satellite era (since 1978) [Parkinson and Comiso, 2013; Zhang et al., 2013] . According to MIZMAS, the lowest average ice thickness in 2012 is the product of the highest June-September ice melt in the simulation period, while the ice thickness rebound in the following 2 years is linked to a precipitous drop in summer ice melt (Figure 8c (Figure 8f ; also see Figures 13b, 13d, and 13f) . In fact, the model shows a strong positive temperature trend in the SPWL throughout the whole 1992-2015 period, which is likely due to increasing periods of open water and radiative heating on the Chukchi Shelf and intensifying PW heat transport into the Arctic Ocean through Bering Strait [Woodgate et al., 2012] .
Concluding Remarks
We have conducted a model-observation synthesis to investigate changes in the upper ocean physics in the CB over the period 1992-2015. The synthesis consists of modeling and assimilation, model validation, and model-observation analysis using MIZMAS, a coupled sea ice-ocean model that assimilates satellite sea ice concentration and SST, and in situ ocean temperature, salinity, and velocity observations. Model bias exists, particularly in overestimating the amplitude of the NSTM. However, MIZMAS replicates the SIZRS observed temperature and salinity profiles in 2013 reasonably well. It also captures the ITP and Seaglider observed temperatures and especially salinities in most depth ranges of the upper ocean in the CB in 2014, with low mean biases and high correlations. In addition, it characterizes the CTD observed depths of isohalines (S 5 31; 33) over the period [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] .
The synthesis results show that the BG has been generally intensifying during 1992-2015, concurrent with a range of changes in sea ice and the upper ocean of the CB. SSH has been generally increasing in conjunction with strengthened anticyclonic ocean circulation and enhanced Ekman convergence and downwelling in the deep basin of the CB and upwelling in the Beaufort Sea shelf break region. Sea ice thickness has been generally decreasing because of accelerated ice melt in late spring and summer, and thinner ice moves faster and has a higher growth rate [Maykut and Untersteiner, 1971] in fall and winter. Salinity has been generally decreasing in the deep basin because of enhanced Ekman convergence and downwelling and ice melt, in addition to increased input of PW [e.g., Woodgate et al., 2012] and Eurasian runoff [Morison et al., 2012] , which leads to an increase in isohaline depths and freshwater content. All these changes contribute to a shoaling summer halocline and mixed layer, and a deepening winter halocline and mixed layer in the CB. However, in the Beaufort, Chukchi, and East Siberian shelf and shelf break regions salinity has increased because of enhanced upwelling in the Beaufort shelf break region and the advection of the upwelled saltier water there to the Chukchi and East Siberian shelves. In addition, the increased Ekman convergence draws more water from surrounding areas into the CB, thus reducing SSH in those areas and raising SSH in the CB.
While the BG intensification has been well recognized previously, its possible stabilization in recent years is not as well appreciated. Clues of BG stabilization may be reflected in the reported decrease in liquid freshwater content from 2010 to 2012 ; also see Blunden and Arndt, 2014] , the weakening of anticyclonic wind and ice circulation during 2011-2013 [Petty et al., 2016] , the increase of baroclinic activity in 2013-2014 [Zhao et al., 2016] , and the leveling of ocean dynamic height over [Yoshizawa et al., 2015 . However, we believe that this study is the first attempt to use a model, synthesized with a range of observations, to systematically show the Beaufort Gyre stabilization with greater temporal and spatial coverage and more physical parameters than the previous studies using relatively sparse observations. Our model-observation synthesis results indicate that the BG has been stabilizing over the period 2008-2015, perhaps weakening slightly. This is reflected in the general plateauing since 2008 of SSH, sea ice and ocean speeds, isohaline depths, freshwater content, ice thickness, salinity in various depth ranges (which slightly increases), and halocline and mixed layer depths. The stabilization is also confirmed by the T2014 study that show that the depths of both isohalines (S 5 31 and 33) derived using CTD and ITP data over 2003-2013 did not increase from 2008 onward. In fact, they decreased slightly over the period [2008] [2009] [2010] [2011] [2012] [2013] . Another possible sign of stabilization is reflected in the available SIZRS observations that salinity in the upper 15 m increased somewhat from 2012 to 2014 along 1508W in the Beaufort Sea, in contrast to the intensification period when surface waters were generally freshening.
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Changes in atmospheric circulation in the CB have a key role in the BG intensification and stabilization. The changes are characterized by generally increasing anticyclonic wind strength and sea level pressure (SLP) before 2008 and falling wind strength and SLP to below-average levels in some years after 2008. Changes in SLP in the CB are highly correlated with changes in ocean surface stress curl and downwelling. Since 2008, Ekman pumping has weakened in much of the CB because of the atmospheric changes, which halts further freshening in the upper ocean, if not slightly reversing it, therefore contributing to the BG stabilization. The general leveling of sea ice thickness in the CB since 2008 also contributes to the stabilization because the simulated ice melt decreases precipitously in 2013 and 2014, limiting a freshwater input to fuel continued intensification.
Whether the BG is intensifying or stabilizing, the simulated SPWL temperature is mostly increasing during 1992-2015. The increase is in response mainly to increased open water and consequently greater radiative heating, and also to enhanced heat transport at Bering Strait [Woodgate et al., 2012] . This also suggests that changes in the CB circulation and stratification have a limited impact on the variability of the SPWL temperature. The changes also have a limited impact on the variability of the NSTML temperature. The simulated NSTML temperature has a relatively small positive trend during 1992-2015, which is closely correlated with decreasing sea ice thickness. It climbs to the highest level in 2012, when Arctic sea ice extent reached a record low, before dropping in 2013-2015 because of the ice thickness rebound.
Note that MIZMAS uses climatological river runoff. Without interannual variability of river freshwater input into the model, the simulated intensification and stabilization are caused solely by changes in sea ice and ocean dynamics and thermodynamics in response to changes in atmospheric circulation. It is less clear what causes the atmospheric changes in the CB. The changes may be linked to large-scale atmospheric dynamics linking the Icelandic and Aleutian low pressure cells and the Beaufort high cell. The atmospheric changes may also be linked to changes in sea ice in the CB, which modifies local air-sea exchange of heat, mass, and momentum. Because of the uncertainties in atmospheric circulation in the future, it remains to be seen whether the BG will continue to maintain the current intensity, or intensify again, or relax, which may have significant climatic and biological consequences.
